Young orogens have maximum regional average elevations of about 5 km; their crustal thicknesses, determined directly from seismic reflection/refraction studies or indirectly from gravity anomalies, do not exceed about 70 km (Meissner 1986 ). The pre-plate tectonic view was that the surface elevation (e) of a mountain belt in perfect isostatic balance is related to its compensating root (r) and crustal thickness (Cz) by the relative densities of crust (Pc) and mantle (Pro), the floating iceberg principle in which the mantle was considered to behave as a fluid (Stokes 1849; Airy 1855; Heiskanen & Vening Meinesz 1958) . The plate tectonic view is that the crust forms part of the lithospheric boundary conduction layer (thickness lz) with a mantle density of Pm" The whole l z column of crust and mantle is compensated to the asthenospheric mantle of density Pa" The crust 'floats', whereas the mantle portion 'sinks', the lithosphere; therefore, the level at which the surface sits relative to the oceanic ridges depends upon l~ and CJl~. Also, the cooler upper portion of the boundary layer acts as a strong flexural beam to support loads, which allows a departure from pure zerostrength Airy isostasy and the support of loads and elevations higher than those for a pure Airy model and the development and maintenance of substantial positive gravity anomalies. The elevation of a mountain range is, therefore, a function of the vertical density distribution within and the flexural strength of the lithosphere, although, for most mountain belts, there is insufficient knowledge of these parameters yet to draw conclusions that clearly relate crustal thickness to elevation. In this paper, we wish to draw attention to some general principles of vertical density distribution in relation to elevation and crustal/lithospheric thickness that may be important in understanding orogenic evolution, although we emphasize that crust/lithospheric thickness beneath mountain ranges is poorly constrained.
Assuming homogenous bulk strain and preshortening crustal (Cz) and lithospheric (lz) values of 32 km and 120 km respectively, crustal thickening, caused by vertical stretching, is buffered at about 70 km beneath a surface elevation of about 3 km by vertical compression caused by isostatic compensation in a thickened crust that balances horizontal compression caused by plate convergence (Dewey 1988; England & Houseman 1988 . Elevations above 3 km may be achieved by crustal underplating or by mechanisms that thin the lithosphere without thinning the crust such as hot-spot jetting, delamination, or rapid advective thinning. The general picture that has emerged for the wide Tibetan Himalayan zone of crustal thickening is one of Palaeogene vertical plane strain crustal thickening to about 65 km, caused by the India/Eurasia convergence, succeeded by a phase of horizontal plane strain followed, in turn, by a phase of post-Miocene uplift to the present 5 km average elevation accompanied and followed by lithospheric extension and magmatism (Dewey et al. 1988) , a phase of so-called orogenic extensional collapse (Dewey 1988) . Many Phanerozoic orogens appear to follow this general pattern of shortening followed by extensional collapse (Dewey 1988) , which is related probably to lithospheric shortening followed by the rapid advective removal of the lithospheric mantle root. (Houseman et al. 1981; England & Houseman 1988 . During shortening by roughly vertical plane strain and vertical bulk stretching, buoyant crustal and negatively buoyant lithospheric mantle roots develop, rocks are progressively buried and geothermal gradient and heat flow are reduced. During shortening, the principal axis of compression is horizontal and the axis of least compression vertical. Crustal thickness is buffered at about 70 km, and the intermediate axis of compression becomes vertical, a wrench regime is developed and shortening must spread laterally if convergence continues, one possible explanation of the lateral progradation of thrust sheet complexes. Advective removal of the mantle root leads to uplift to about 5 km, a rapid increase in geothermal gradient and vertical shortening/extensional collapse in a stress regime of vertical compression.
There is sufficient seismic data to indicate that the Moho, as defined by that data, does not exceed depths of about 70 km beneath Cenozoic mountain ranges (Meissner 1986) . If 70 km is the limit to which normal density (2.8) continental crust may be thickened by bulk vertical stretching, there are substantial implications for the structural and metamorphic history of orogenic belts. First, gross orogenic shortening values achieved by bulk vertical plane strain expressed by orogenic structure and fabrics cannot exceed about 50% if we start with a 'normal' thickness continental crust of about 35km. Many orogenic belts have shortening values, at least locally, greatly in excess of 50%. Of course, shortening may be increased in several ways such as by substantial erosion during shortening, and/or by starting with a thin crust, which would be expected at a colliding rifted margin. Both of these have operated in the Himalayas; some 20 km has been lost over large areas by erosion and some of the highest thrust sheets probably had a thin starting crust, although these factors alone are insufficient to account for Himalayan shortening. Horizontal plane strain by lateral escape tectonics will also allow increased shortening values without increasing C z although it is likely to generate steep structures and cannot generate thrust regime structures and fabrics.
A C z limit of 70 km places even greater constraints on crustal metamorphism. Rocks now at the surface in older orogens have up to 35 km of continental crust below them so that, if orogenic thickness was 70 km, erosional denudation can have removed a maximum of only 35 km and extensional collapse reduces this figure still further. Tectonic denudation mechanisms such as motion towards the surface in the footwalls of major normal faults above zones of 'replacive' lower crustal flow may allow deeper crustal levels to be exposed but we are still limited by a C z maximum of 70 km. Therefore, we would expect the regional exposure of metamorphic rocks of greenschist/amphibolite granulite facies recording pressures of around 10-12kb with localized zones of blueschist/eclogite facies indicating maximum pressures of about 20 kb. The rocks of the Tauern window in Austria experienced peak pressures of 20 kb and yet appear to be part of a regionally-coherent metamorphic terrain now at the surface of a 50km crust suggesting a peak Cz of 100 km. In the western Alps, Chopin (1984 ) and Chopin et al. (1991 have described coesite/pyrope-bearing rocks and, in the Dabie Shan, Enami & Zhang (1990 ), Hirajima et al. (1990 , Okay & Seng6r (1992) , Wang & Liou (1991 ), Wang et al. (1989 and Xu et al. (1992) have recorded and described diamond-and coesite-bearing eclogites indicating pressures of 39-40 kb. In southwestern Norway, coesite-bearing eclogites form part of the regionally-coherent Western Gneiss Region (Smith 1984; Austrheim 1987 Austrheim , 1991 Smith & Lappin, 1989; Andersen & Jamtveit 1990; Andersen et al. 1991) , and experienced minimum peak pressures of 28 kb ( Fig. 1) Brueckner (1972) , Krogh (1977 Krogh ( , 1980 , Bohlen & Boettcher (1982) , Smith (1984) , Griffin & Brueckner (1985) , Griffin et al. (1985) , Lux (1985) , Steel et al. (1985) , Kullerud et al. (1986) , Jamtveit (1987) , Smith & Lappin (1989) , Andersen & Jamtveit (1990) , Carswell (1990) , Cuthbert & Carswell (1990) to depths of over 100km (burial) during shortening/thickening and then back up again (denudation) to and almost to the surface during extensional collapse and crustal thinning (Fig.  1) ; erosional denudation by itself is far too slow a mechanism, as will be shown in a later section for western Norway. If crust of 'normal' (c. 2.8) density is stretched vertically to values greatly in excess of 70 km, we would get absurdly high mountains, which would be buffered and reduced by extensional collapse. C z values of greater than 70 km could be achieved in one of two ways. First, the uplift and surface elevation of a mountain belt is partly dependent upon CJl z, uplift increasing as the ratio increases; for C.,/I~ <0.1375, shortening actually produces subsidence (Dewey 1982) . A smaller C~/l~ allows a crust thicker than 70 km without the buffering effect of orogenic collapse, although this does not explain the geophysically-determined limit of C z e. 70 km. Secondly, if the density of crustal rocks can increase during shortening, the uplift and elevation caused by vertical stretching of the crust is reduced. If petrographically crustal rocks increase their density to mantle values during shortening, there is no obvious limit to crustal thickness and, therefore, to shortening values. Passing rocks into the eclogite facies during shortening and back out again during extensional collapse is a simple way of changing density and transforming petrographically continental crust from geophysically continental crust into 'geophysical' mantle and back again. Such metamorphic phase transitions and density changes do indeed occur as will be shown in the next section and may be related to the development of very thick orogenic crusts and the rapid denudation of high-grade metamorphic rocks during extensional collapse. Richardson & England (1979) were the first to suggest that eclogitization of lower continental crusts may play an important role in decreasing crustal buoyancy and, therefore, in reducing surface elevation by 'weighting' the crust of orogens. This concept was taken to an 'extreme' position by Butler (1986) who argued that crustal balancing, by comparing cover shortening with cross-sectional areas in the French Alps, demands a substantial volume of 'missing' crust thrust or subducted beneath the Po Plain; that the Po Plain is not elevated, yet is supposed to have had a large amount of Alpine crust thrust beneath it, is accounted for by the view that this 'missing' crust is eclogitized. Le Pichon et al. (1988) and Laubscher (1990) suggested that crustal volume cannot have been preserved in the Alps and that substantial loss of crust into the mantle, or perhaps conversion of crust into 'mantle' by eclogitization must have occurred. However, the concept of permanent crustal loss into the mantle does not help us to understand the passage of crustal rocks into coesite-eclogite facies rocks to depths in excess of 100km and their subsequent rapid denudation to upper crustal and surface positions. England & Holland (1979) developed a model for the subduction of crustal rocks to eclogite facies and the subsequent ejective upward flow of blocks in a 'subduction' shear zone. Austrheim (1991) argued for the detachment of crustal blocks into the mantle to explain high-pressure metamorphic rocks of the southern Norwegian Caledonides. These block detachment models are implausible in at least three respects. First, if eclogitization resulted from the inclusion of crustal blocks to mantle depths it is not obvious what caused them to sink into the mantle except possibly major thrust imbrication of the Moho. Also, the subsequent denudation of such a thrust imbricated complex would surely include both eclogites and mantle ultramafics, which could scarcely explain the separation and rise of eclogite blocks from the mantle. Secondly, although in principle, eclogite blocks might rise in the mantle to the base of the crust, it is difficult to see how they could rise into lighter encasing crustal granulites and amphibolites. Thirdly, they fail to account for the regional coherence of many eclogite terrains in which eclogite-facies metamorphism, although not necessarily wholly penetrative, affected sufficient of the lower crust to make it clear that tectonic juxtaposition of eclogite blocks and amphibolite facies regional 'host' rocks has not occurred.
Exhumation during convergence has been suggested for a subduction-accretion setting in two ways. Cowan & Silling (1978) and Cloos (1982) have argued for a circulation model involving the down flow of hanging wall material as blocks of high-pressure metamorphism rocks in a low-viscosity matrix and the upward flow of the resulting m61anges against the subduction-accretion backstop. Platt (1986) showed that underplating and extension in a critically tapered subduction-accretion wedge will exhume high-pressure rocks. Both mechanisms, however, are likely to generate 'block in matrix' associations rather than exposed coherent high-pressure terrains. Furthermore, the subduction-accretion environment cannot generate pressures higher than about 10 kb.
Two further models for coesite-eclogite facies metamorphism and the subsequent denudation of regionally structurally-coherent terrains have been suggested, both of which involve rapid uplift caused by the catastrophic advective thin- ning of a thickened lithospheric root beneath the orogen. Okay & Seng6r (1992) argued a model for the Dabie Shah whereby erosional denudation occurs during uplift caused by progressive thrust-stacking above an advectively thinned lithosphere. Andersen et al. (1991) developed a model for the western Norwegian Caledonides in which coherent crustal rocks are pulled down in a continental subduction zone by a cold heavy lithospheric root, followed by the extensional eduction of the deep crust during orogenic collapse.
The model that we propose in this paper draws upon many of the principles and ideas expressed in the works cited above and on the geology of the southwestern Norwegian Caledonides. It accounts for the development of very thick (c. 150km) orogenic crusts without absurdly high mountain belts, the rapid exhumation of regionally coherent high-pressure metamorphic terrains by tectonic denudation, limited erosional denudation and relatively small volumes of 'molasse' clastics, the widespread preservation of supracrustal rocks adjacent to high pressure rocks, the superposition of non-coaxial upon coaxial fabrics in metamorphic core complexes, pervasive lower crustal layering in collapsed orogens, and catastrophic local marine transgression during or just after extensional collapse.
Southwestern Norway
The Caledonides of southwestern Norway illustrate extremely well the five-phase orogenic evolution model of Dewey (1988) involving litho-spheric shortening, decrease in heat flow and low temperature-high pressure metamorphism (Phase 1), a commonly very short period of slow uplift during horizontal plane strain and strikeslip faulting (Phase 2), catastrophic advective removal of the negatively buoyant lithospheric orogenic root causing uplift and rapid crustal heating (Phase 3), a period of rapid lithospheric extension, subsidence, and the development of metamorphic core complexes, extensional detachments and sedimentary basins (Phase 4, extensional collapse), followed by exponentially slowing subsidence during lithospheric cooling (Phase 5). In this paper, Phase 3 and Phase 4 are combined into a single phase 3. Also, Phase 2, although well-developed in Tibet (Dewey et al. 1988 ) and other orogens is apparently absent in southwest Norway where the shortening phase is closely followed by extensional collapse. We believe that we see, in southwestern Norway, an orogenic structural/metamorphic sequence that provides most of the facets in piecing together an orogenic shortening/collapse model, particularly the critical clue in understanding the development of very thick orogenic crusts, namely a regional Silurian eclogite-facies metamorphism and its structural relationships.
The geology of the region between Sognfjord and Nordfjord, in southwestern Norway (Fig. 2) is dominated by spectacular and superblyexposed extensional detachment tectonics (Hossack 1984; Norton 1986 Norton , 1987 Seranne & Seguret 1987; Andersen & Jamtveit 1990; Andersen et al. 1991) . The principal extensional detachment zone, the Kvamshesten Detachment, is disposed in a series of roughly east-west-striking major antiforms and synforms plunging gently westward; shear sense indicators in the associated thick mylonite zones (Askvoll Group; Swensson & Andersen 1991) show consistent down-to-west motion of the hanging wall along a gently-dipping trajectory very roughly parallel with the axes of the antiforms and synforms. There is a profound structural and metamorphic contrast across the Kvamshesten Detachment between footwall metamorphic core complex rocks that show enormous coaxial and noncoaxial strains in coesite-eclogite to greenschist facies metamorphic grades (Fjordane & Jostedalen Complexes) and low-grade hanging wall rocks that have been affected by the extensional strains only along earlier contractional faults; all eclogite bodies are in the footwall complexes. The hanging wall and footwall assemblages preserve quite different components and facets of the Caledonian history of southwestern Norway and each is critical in developing an understanding of the kinematics and timing of structural and metamorphic events. (Andersen et al. 1990 ) consists of a mainly igneous basement, the Dalsfjord Suite, of anorthosites, mangerites, syenites, charnockites, granites and gabbros, commonly gneissic or foliated (Brynhi 1989), which has been correlated (Milnes & Koestler 1985) with the rocks of the Jotun Nappe in south-central Norway. The Dalsfjord Suite is overlain unconformably by upper greenschist facies metasediments of the late Precambrian Hoyvik Group, which is overlain, in turn unconformably, by the low-grade lower and middle Silurian shallow-marine Herland Group. The Upper Tectonic Unit comprises the Ordovician Solund-Stavfjord Ophiolite Complex (Fumes et al. 1990 ), dated at 443 + 3 Ma (Dunning & Pedersen 1988) overlain by greywackes with mafic sills, the whole comprising a thrust sheet emplacement eastwards onto the Herland Group across a basal shear carpet of the Sunnfjord M61ange during middle Silurian (Wenlock) times (Andersen et al. 1990 ). Middle Devonian non-marine red beds rest unconformably on both Middle and Upper Tectonic Units and are disposed in four main basins ( Fig. 2) , which appear to exhibit three types of basin morphology and evolution. The Solund and Hasteinen basins are sheets of mainly conglomerates resting unconformably or along a faulted unconformity (Solund Fault) on older rocks of the hanging wall. The Kvamshesten Basin is a series of at least three normal faultbounded tilt sub-basins, the bounding northeast striking faults merging downwards into the main Kvamshesten Detachment (Per-Terge Osmundsen, pets. comm. 1992). The Hornelen Basin rests mainly upon an upper extensional detachment, the Hornelen Detachment, with a top to the west sense of motion, and occupies the core of the Hornelen Synform. From the basal unconformity, Hornelen strata dip monotonically eastward from about 25-40 ~ and are truncated downward by the Hornelen Detachment; to the north and south, Hornelen strata curve and steepen into dextral and sinistral portions, respectively, of the detachment. The Devonian basins contain detritus derived wholly from older rocks of the hanging wall; not a single boulder or pebble can be matched with the highgrade rocks of the footwall metamorphic core complexes (Cuthbert 1991) , in spite of the fact that Devonian sediments and footwall are in contact across the Kvamshesten Detachment in the Hasteinen and Kvamshesten Basin. This indicates that hanging wall and footwall juxta- Apart from the Hornelen Detachment and normal faults of the Kvamshesten Basin and Staveneset, the structure of the low-grade hanging wall rocks show little evidence of SiluroDevonian extension. Brynhi's (1989) detailed mapping of lithological contacts in the Middle and Upper Tectonic Units in rocks throughout the hanging wall terrain south of the Hornelen Basin shows that they are unaffected by normal faults. Seranne et al. (1989) record extensional strains in the Devonian sediments of the Solund Basin. However, the basal contact of the Solund Basin is everywhere an unconformity or faulted unconformity and we support Nilsen's (1968) view that the NW-SE orientation of clast long axes is principally a sedimentary fabric. Eastwest extension occurred in the Solund Basin but it was mainly a late Palaeozoic to Mesozoic event associated with North Sea extension (Torsvik et al. 1992) . We can find no evidence of the pervasive top-to-the-west shear sense recorded south of the Hornelen Basin between the Hornelen Detachment and Kvamshesten Detachment by Seranne et al. (1989) , who did not recognize that these rocks (Dalsfjord Suite and Hyvik Group) lie above the principal detachment. The penetrative structure of these rocks is Scandian (Wenlockian) or older in which the Dalsfjord Suite and Hyvik Group are tightly folded together and commonly strongly foliated (Brynhi 1989) . Thus the hanging wall is largely a low-grade semi-coherent slab with modest and localized brittle extension. The origin of the east-west antiforms and synforms is unclear. They may have been formed by a late or postMiddle Devonian north-south Svalbardian (Solundian) shortening or, we believe more likely, reflect an original megagrooved shape of the Kvamshesten Detachment formed and enhanced during east-west extension.
The highest unit of the footwall is the Askvoll Group, an almost wholly reconstituted amphibolite to greenschist facies mylonite sequence with a consistent top to the west shear sense (Fig. 3) . The footwall metamorphic core complexes, the Fjordane and Jostedalen Complexes of Brynhi (1966) , consist of orthogneiss, paragneiss, anorthosites, gabbros, rapakivi granites, peridotites, and amphibolites with eclogites occurring in most lithologies with, in appropriate rock types, various combinations of omphacite, jadeite, pyrope, kyanite, clinozoizite, phengite, glaucophane and coesite. Coesite-bearing eclogites occur in the northwest of the region, north of Nordfjord whereas glaucophane-bearing eclogites occur in the Sunnfjord region. The Fjordane Complex is extremely heterogeneous and consists mainly of strongly-foliated amphibolites, migmatic and augen gneisses and anorthosites with lenses and pods of abundant eclogite and less common gabbro and ultramafics. The Jostedalen Complex consists of quartz-feldspathic and granite gneisses and migmatites with eclogite and ultramafic lenses and pods and is dominated by large amounts of massive and foliated granite, granodiorite and quartz-diorite. Within both Fjordane and Jostedalen complexes, Proterozoic ages of up to 1760 Ma ago are recorded (Kullerud et al. 1986 ). These ages occur in blocks/lenses, whose size, distribution and shape are as yet unknown, within a footwall metamorphic core complex whose bulk structure and metamorphism was developed predominantly in a milieu of Siluro-Devonian extensional collapse dominated by a foliation subparallel with the Kvamshesten Detachment and arranged in the same gently westward-plunging antiforms and synforms, with a sub-horizontal regional stretching lineation, and characterized by a lenticular style at all scales from a few . Ringerike '.. Group " 9 .
9 .. 9 .. ".:,'."
. , I I I i I-rl_L - Bjorlykke (1983) , Griffin & Brueckner (1985) , Griffin et al. (1985) , Lux (1985) , Steel et al. (1985) , Kullerud et al. (1986) , Dunning & Pedersen (1988) , Andersen & Jamtveit (1990 ), Andersen et al. (1990 , Cuthbert & Carswell (1990 ), Andersen et al. (1991 ), Cuthbert (1991 . metres to kilometres.
In Figure 3 , an attempt is made to show, schematically and not to scale, structures and relationships in the footwall Jostedalen and Fjordane complexes. The key to the orogenic evolution of the crust of southwestern Norway lies in the distribution, shape and structural/ metamorphic sequences in the numerous eclogite bodies that are enveloped in a regional principally amphibolite facies matrix. The eclogite bodies vary from a few centimetres up to about 5 km, the largest being typically within and near the base of the Jostedalen Complex. They are characteristically elongate roughly east-west with their shortest dimension normal to the regional amphibolite facies foliation. Most of the eclogite bodies are mafic, dominated by omphacite and garnet and, from the outcrop to mapping scale, have the amphibolite facies foliation 'wrapping' around them during the development of which they were clearly more rigid, higher viscosity, bodies. However, within the regional amphibolite 'matrix', a ghost-like remnant mafic eclogite mineralogy is heavily overprinted and patchy 'shadows' of the distinctive omphacite/garnet coloration within the more pervase dark-green colour of the overprinted amphibolite mineralogy can be seen in outcrop. It is quite clear that the preserved eclogites, which now constitute perhaps 10% of the footwall, are not merely isolated exotic bodies tectonically emplaced into the amphibolite but represent remnants of a once pervasive or widespread eclogite facies terrain that was largely reconstituted by deformation and metamorphism in a later amphibolite facies event.
The eclogite bodies and their immediate amphibolite envelopes preserve and illustrate, in great detail and clarity, a structural/metamorphic sequence and history that records and defines a pressure/temperature/time loop (Fig. 1 ) of 10 Ma of Scandian crustal shortening during late Wenlockian to Pridoli times (Fig. 4) followed by about 20Ma of Lower Devonian roughly east-west coaxial stretching, terminated during Middle Devonian times by the superposition of extensional detachments with associated high-level non-coaxial top down to the west shear that juxtaposed low-grade hanging wall rocks against high-grade footwall metamorphic core complex rocks. Several eclogite bodies in Dalsfjord, most notably at Vardalsneset, to be described in detail elsewhere (Andersen, in press) , illustrate the structural/metamorphic sequence (Fig. 3, inset) . A pervasive NNE-striking lineation defined by omphacite, amphibole, kyanite, clinozoizite, and elongate garnet aggregates in a weak foliation defined mainly by phengite, constitutes an L > S fabric in the eclogite bodies, indicating an early prolate/constrictional deformation in the eclogite facies (Fig. 1 ). This fabric (1 in Fig. 3, inset) is transected by veins (2), roughly normal to the eclogite facies lineation, which evolved in eclogite to amphibolite facies. The earliest, quartz-dominated veins, up to 20 cm wide, contain garnet, omphacite, kyanite, clinozoizite, phengite, rutile and, in places, tourmaline with kyanite aggregates up to 15 cm and omphacites up to 5 cm normal to the vein walls and in continuity with the early eclogite facies lineation. Parallel with these early eclogite facies veins are later amphibole-quartz veins (3) some of which are axial to, and continue the opening of, earlier eclogite veins. Some of these earlier veins show small-scale buckling of vein walls indicating a small amount of penetrative shortening normal to the early eclogite facies lineation. These fabrics and veins are cut by Nstriking amphibole/quartz veins (4a) that cut the early eclogite lineation at a low angle and the early veins at a high angle. Some of these N-S veins have symplectite hornblende/plagioclase (after clinopyroxene) margins. The eclogite bodies are surrounded by an amphibolite facies matrix with a strong and pervasive foliation (4b) that 'wraps' symmetrically around the eclogite bodies. Quartz and granite leucosome veins cut the eclogite bodies parallel with the phase 4 amphibolite veins and show variable degrees of shortening normal to foliation outside the eclogite bodies. Both granite and quartz veins, between which there is a complete compositional variation involving quartz, feldspar, amphibole, epidote, phengite and biotite, show synchronous and superposed garnet amphibolite facies metamorphism with syntaxial mineral growth from the margins of hydrofracture veins. The general picture during amphibolite facies metamorphism retrogressing the eclogites, is of a regionally bulk coaxial deformation with vertical shortening and roughly east-west extension (Andersen & Jamtveit 1990 ). The evidence for bulk regionally coaxial vertical shortening across the amphibolite facies foliation is symmetrical boudin development, roughly symmetrical fish-like lenses and pods of eclogites with respect to the regional foliation, roughly symmetrical boudinage of foliation at all scales with respect to the regional attitude of foliation, and especially changing sense of shear around lenses at all scales. The vertical shortening of granite sheets and quartz veins across foliation gives shortening values of up to 70% and foliation 'wrapping' around eclogite bodies gives vertical shortening values of 80% and horizontal east-west extension of about 500%. Lenses at all scales show variable senses of marginal shear that give an impression of bulk coaxial strain. However, local superposition of dextral on sinistral and sinistral on dextral is common because of changing strain/ displacement distribution and bulk coaxial lens size. This illustrates the necessity of exercising great care in 'establishing' polyphase deformation sequences and the importance of using a kinematic approach in analysing and understanding regional strain evolution rather than the somewhat arid polyphase approach typical of British structural geology during the 1950s and 1960s.
Superimposed upon the bulk coaxial fabric is a top down to the west non-coaxial deformation (5), which increases in penetration intensity upwards towards the Kvamshesten Detachment (Andersen and Jamtveit 1990) . Within the Askvoll 'Group' and a zone of penetration below, non-coaxial fabrics are pervasive. In the Askvoll 'Group', the fabrics are in amphibolites to greenschists; in the penetrative non-coaxial zone beneath, they are in greenschist superimposed on amphibolite. Below this, top down to the west shear zones are inhomogeneously distributed, cutting earlier amphibolite coaxial fabrics, and diminish and die out downwards in the Jostedalen Complex (Andersen & Jamtveit 1990) . Top ~lown to the west non-coaxial shear zones and fabrics consistently cut the earlier amphibolite facies coaxial fabrics and structures.
In the Fjordane and lower parts of the Jostedalen Complex (Andersen & Jamtveit 1990 ), the proportion of granite, granodiorite and quartz diorite increases dramatically downwards from a small percentage of quartz and granite veins to a pervasive granite gneiss with a sub-horizontal foliation (Fig. 3) . The general picture is one of increasing ductility and lower viscosities downwards during extension, heating and partial melting. In places, the lit-par-lit injection of granite veins and sheets indicates local east-west extensions of up to 500% and the development of granite-dyke complexes analogous to the mafic sheeted complexes of ophiolites. The veins show mineral growth normal to their walls, are commonly folded, and suggest a possible origin for gneissic foliation by multiple granite sheet injection rather than, or in addition to, the commonly supposed metamorphic differentiation across layering (Andersen 1992) .
A major feature of the footwall complexes is the regional dominance of fabrics and structures formed during extensional collapse. Evidence for Silurian Scandian orogenic shortening (Fig. 4) is contained only in the hanging wall and in the eclogite bodies. The core complexes, representing part of the middle and lower orogenic crust, are dominated by a pervasive sub-horizontal layering consisting of a bulk coaxial gneissic foliation formed during vertical shortening and horizontal extension and containing elongate pods and lenses of eclogite up to 5m long, together with elongate granitoid bodies, ultramafic lenses up to 3 km long and gabbro lenses up to 7 km long, of probable post-eclogite age synchronous with heating and horizontal extension (Fig. 3) .
In Fig. 1 , a series of smoothed PTt metamorphic loops are shown that characterize the footwall core complexes of southwestern Norway from the lower pressure (12-19 kb)/temperature (550-650~
Sunnfjord region with glaucophane-bearing eclogites (Kr0gh 1980) to the higher pressure (28 kb)/temperature (> 750~ coesite-bearing eclogites north of Nordfjord. All show an early eclogite facies metamorphism during crustal shortening from about 420-410 Ma ago with a superposed coaxial extensional amphibolite facies event, which is consistent with early heating and partial melting (granites in the footwall complex) followed by rapid roughly isothermal decompression for about 20Ma during the Lower Devonian. North of Selje, the early heating was sufficient to carry the later isothermal decompression loop into the sillimanite-granulite field. Large amounts of water must have been involved in the metamorphic transformations, particularly that from eclogite to amphibolite; the origin of the water must await oxygen isotope studies.
It is clear that denudation of the footwall occurred mainly during Lower Devonian coaxial vertical thinning of the crust. Moreover, denudation of the footwall occurred mainly prior to the deposition of the Middle Devonian basin redbeds and final exhumation of the footwall and its juxtaposition against the hanging wall occurred after red-bed accumulation (Cuthbert 1991) during the latest stages of extensional detachment development. Neither erosion nor extensional detachment faulting have played a major role in denuding the footwall and bringing up middle and lower crustal rocks. Erosional denudation and denudation by hanging wall draw-down across an extensional fault give denudation rates that are uniform with depth, whereas denudation by vertical shortening gives rates that are depth dependent, increasing linearly downwards. At present, there is insufficient PTt data to discriminate among denudation mechanisms on this criterion. The structural sequence and PTt history of the footwall gives a clear and unequivocal picture of denudation by bulk coaxial horizontal extension, which can be roughly quantified. In the Sunnfjord region, a vertical shortening of about 80% and east-west horizontal extension of about 500% can be deduced consistently in three ways. First, flattening of foliation around eclogite bodies gives values of between 75% and 85%. Secondly, PTt loops in the Sunnfjord region involve rocks at about 60km at 410Ma ago and at about 10kb at 380 Ma ago giving a denudation rate during isothermal coaxial stretching of about 1.5 mm a -1, a strain rate of about 10 15 s-1 and a vertical shortening of 83%. Thirdly, if we take a present value for Cz of about 30 km and a peak shortening C~ of 150 km, we get a vertical shortening of 80%. Clearly, however, bulk coaxial extension cannot explain the final juxtaposition of the footwall core complex, consisting of lower crustal rocks, and the supracrustal hanging wall rocks. A large part of the upper and middle crust is 'missing' and its absence can be explained only by a major excision across the extensional Kvamshesten Detachment. If the Kvamshesten Detachment originated in its present gently westward-dipping attitude, extensional displacement along it must be at least 100 km to juxtapose lower crustal and supracrustal rocks.
These large extensions are, at least partly, synchronous with eastward thrusting over the Baltic Shield along the eastern margin of the Scandinavian Caledonides (Fig. 4) . The Ringerike Group of Wenlock to Lower Devonian age is a clastic foreland basin sequence reflecting the growth of the Norwegian Caledonides (Bjorlykke 1983). The Silurian part of the Ringerike Group was deposited synchronously with Scandian shortening but the Lower Devonian was synchronous with interior bulk coaxial extension. Moreover, Middle Devonian thrusting in the Oslo region developed simultaneously with southwest Norwegian extensional detachments and basins. This suggests that, although the earliest shortening and foreland basin development along the eastern margins of the Scandian Caledonides was driven probably by Silurian Baltica/Greenland plate convergence, Lower Devonian foreland basin development and Middle Devonian thrusting may have been driven by extensional collapse (Andersen et al. 1991) .
The model
The geological data from southwestern Norway outlined in the previous section may be used to constrain a simple numerical model, shown qualitatively in Fig. 5 and quantitatively in Figs 6 and 7. The modelling work is part of an ongoing research programme by Dewey and Ryan involving the effects of varying C~, l z and CJI z on orogenic evolution. In southwestern Norway, some 10-20 Ma of Scandian crustal shortening and lower crustal eclogite facies metamorphism was followed by about 20 Ma of vertical shor- tening and crustal extension in amphibolite/granulite facies both in an approximate east-west direction and both roughly bulk plane strain. Clearly, the bulk eclogitization of the lower crust during Scandian shortening was accompanied by a substantial increase in density, whereas the subsequent amphibolization caused a corresponding decrease in density. During crustal/ lithospheric shortening, crustal (Cz) thickening and mantle (l~) thickening work in opposition, the former causing uplift, the latter subsidence. Generally, uplift occurs because C~ ratios are commonly greater than 0.1375 (Dewey 1982) ; for an initial C~ of 35 and l z of 120, shortening is buffered at 50% with a crustal thickness of about 70 km and a surface elevation of 3 km. If a substantial amount of the lower crust transforms to eclogite, let us say to the average density of the lithospheric mantle, the transformation will 'assist' the mantle in enhancing its subsidence role and, furthermore, will allow shortening values in excess of 50% and the development of orogenic crusts much greater than 70 km (Fig.  5 ). This will lead to a situation in which the seismically-defined Moho will lie within petrographic crust, a lower zone of which will be geophysically-indistinguishable from the lithospheric mantle, which illustrates our concept of a seismic Moho and a petrographic 'Moho' (Fig.  5) , sandwiching a mantle density lower crust during shortening. The mineralogy of the southwestern Norwegian eclogites does not lead to a simple calculation of bulk densities during peak Scandian shortening because the exact peak proportions of omphacite (3.29-3.97), garnet (3.51-3.75), clinozoizite (3.12-3.38), kyanite (3.53-3.65), phengite (2.6-2.9), jadeite (3.24-3.43) and coesite (2.92), are hard to define. From field observations, we have made an estimate of peak bulk density towards the low end of the eclogite range of about 3.1 to 3.3 corresponding with compressional wave velocities (Vp) of about 7.8 to 8.1, approximately corresponding with lithospheric upper mantle densities and velocities (Meissner 1986) , to avoid the positive gravity anomaly that would be caused by higher densities. Advective removal of the negatively buoyant lithospheric mantle root leads to lithospheric thinning, uplift, an increase in geothermal gradient and heat flow, and heating of the crust, which leads, in turn, to lithospheric stretching, conversion of eclogite to amphibolite (Fig. 5) . Stretching causes subsidence, where Cz/l ~ > 0.1375), which is partially offset by the density reduction intrinsic to the eclogite/amphibolite transformation (Fig. 5) . Finally, progressive thermal recovery leads to lithospheric thickening and slowing subsidence. The crust is denuded principally by vertical shortening with extensional detachment and erosion contributing smaller amounts of denudation (Fig. 5) .
We have modelled the crustal structure, thickness, compressional wave velocity/seismic structure and surface elevation during plane strain shortening, catastrophic lithospheric advective thinning and extensional collapse through a 60 Ma orogenic cycle for a rifted margin, an island arc, and active continental margin (Fig.  6) . We have used a 100 km thick lithospheric element of 1 km z surface area in the orogen divided into 100 cells with an initial thickness of 1 km assuming pure Airy isostasy. We have not included a component of flexural isostasy for reasons of simplicity; such a component would allow support of higher elevations with a corresponding positive gravity anomaly. The initial variation of density with depth was computed from the P-wave velocity (lip) profiles for various crustal types (Meissner 1986; Mooney & Meissner 1991 ) using the Nafe-Drake velocity/ density curves (Ludwig et al. 1970) . The element was subjected to an initial phase of vertical plane strain until shortening exceeded 72%, sufficient to produce an orogenic C z of 120 km from an initial C z of 35 kin; this corresponds with Phase 1 of Dewey (1988) . Subsequent advective thinning of the lithosphere was modelled by exponentially thinning the lithospheric mantle by a predetermined amount over D0 Ma (Phase 2). Finally, the lithosphere was subjected to extensional vertical plane strain during the collapse phase until shortening equalled zero (Phases 3 and 4). Tectonic denudation during collapse was simulated by stretching the crust a faster rate than the mantle during this phase. Strain rates used were from 1.5 to 2.0 • 10-15s -~ Crustal rocks were allowed to eclogitize progressively during Phases 1 and 2 and the rate and minimum pressure of this reaction were preselected. The consequent density change within each cell was computed from the proportion of crust eclogitized and a compositional parameter that allowed bulk crustal composition to be varied from silicic to mafic, the densities of which were taken from Austrheim & Mork (1988) . Amphibolitization was allowed to proceed during collapse (Phases 3 and 4), maximum pressure and reaction rate could be varied in each experiment, and the density changes computed. Both granulite--eclogite and eclogiteamphibolite were assumed first-order (-6c/6T kC ~) kinetics, where c is concentration of reactants, T is time and k a rate constant. Values were chosen for the rate constants that allowed the reactions to proceed to completion in between D0 and 30 Ma as indicated by data from 338 j.F. DEWEY ETAL. The upper plot shows the evolution of P-wave velocity structure through time of an element in the centre of an orogen. The lower curve shows the elevation of this element above mid-oceanic ridge altitude (-2.64) during the same time interval. A, B and C are for rifted continental margin, island arc and an active continental margin, respectively. Initial P-wave structures were taken from Mooney & Meissner (1991) . Heavy lines in the upper plots represent particle paths for material at 10 km intervals and the Moho of the starting model. Note that, during eclogitization, the petrological Moho is beneath the seismic Moho. The following parameters were used: time interval for each step is 10 000 years; first-order kinetics; eclogitization took place at a 'half life' of 6.4 Ma, converted up to 100% of rock and initiated at pressures > 13.2 kb; amphibolitization had a 'half life' of 3 Ma, converted up to 95% of rock at pressures < 12 kb; strain rate during the shortening vertical plane strain phase was 1.5 x 10-'5 s-', during lithospheric advective thinning was 0, during extensional vertical plane strain was 2.0 x I0 .5 s-~ for the crust and 1.5 x 10 ~5 s-' for the mantle; the erosion constant was 1.5 x 10E -4/1000 years; asthenospheric density was 3.32 tonnes m 3; 50% of the lithospheric mantle was delaminated; the crustal composition was 60% granite and 40% basalt.
southwestern Norway (Fig. 1) . The variation in Vp of the element was calculated from the resultant density and thickness of each cell using the Nafe-Drake curves and the topographic elevation of the element was computed using an Airy 'iceberg' model where:
where H Z is elevation above oceanic ridge (-2.64km), pc(z) and pro(z) are density functions for crust and mantle respectively and p, is density of the asthenosphere low velocity zone. The crust and mantle density functions are calculated from the density and thickness of each cell in the lithospheric element. The amount of material removed by erosion in each time step was calculated from
where H~0 is regional elevation at the beginning of time interval (T = 0), Pc and Pm are crust and mantle density functions and K is an erosion constant (1.0+ 1.0 x 10-4/103a) (W.C. Pitman, pers. comm., 1988) . Thermal and elastic effects were ignored as they are small compared with those of the metamorphic phase changes. Mass was conserved in each element, except where removed by erosion. The models of Fig. 6 show that, during the periods of maximum shortening and advective lithospheric thinning, the P-wave velocities of crustal rocks below 70 km exceed 7.8 km s-1 but are less than 8.1 km s -1, overlain by a thin layer of rocks with P-wave velocity in the range 7.1-7.8 km s-1, these layers corresponding with eclo- (B) shows the effects of amphibolitization and tectonic denudation upon uplift history. In curve (a) there is no amphibolitization and tectonic denudation is modelled as for Fig. 6 ; curve (b) is identical to that in Fig. 6 and has both amphibolitization and tectonic denudation; in curve (c) there is no tectonic denudation and the conditions for amphibolitization are the same as those for curve (b).
gitized and partially eclogitized crust, respectively. Such a velocity structure is recorded in Cenozoic mountain belts (Meissner 1986 ). Thus, a substantial amount of the lower crust exhibits seismic velocities considered typical of mantle; Austrheim & Mork (1988) have noted that this must have been the case for Caledonian eclogites in the Bergen region of Norway and implies that estimates of crustal volumes based on the Pwave structure of orogens, late in the shortening or early in the collapse phase, may be considerably too low. The normal thickness crust generated by collapse has less high velocity material near its base as a consequence of amphibolitization, a structure observed in the now-collapsed Hercynian and Caledonian orogens of Europe (Mooney & Meissner 1991 ).
These processes are reflected in topographic elevation profiles. During shortening, elevation tends not to exceed 3 km as it is buffered by vertical stress and eclogitization. Advective removal of about half of the lithospheric mantle is required to produce an elevation of 5km. Amphibolitization during the collapse phase can 'float' and maintain relatively elevated topography, delay subsidence below sea-level, and produce internal extensional molasse basins. The relative importance of these effects are illustrated in Fig. 7 . Uplift during shortening was dependent upon rates of eclogitization (Fig. 7A) . In Fig. 7A curve (a) , shortening progressed without eclogitization and produced mountains in excess of 10 km, further exaggerated by a low erosion rate. Curve (c) illustrates the effect of a high rate J.F. DEWEY ET AL. of eclogitization of a mafic crust at low threshold pressure producing uplift followed by subsidence during shortening as Cz/l z falls below 0.1375, a condition that may have been important during Archaean times when heat flow was higher. The rate of subsidence during the extensional collapse phase was controlled primarily by the amount and rate of amphibolitization and tectonic denudation (Fig. 7B) . A low rate of amphibolitization and substantial tectonic denudation caused subsidence below sea-level in less than 200Ma (Fig. 7B curve (a) ), whereas rapid amphibolitization and no tectonic denudation buffered the effects of stretching and subsidence to sea-level, which did not occur until after 50 Ma (Fig. 7B, curve(c) ). The reference curves (b) in Figs 7A and B were derived from Fig. 6A . Finally, all models show that rocks subjected to peak metamorphic pressures in the range 20-30 kb remain at depths of between 20 and 30 km after collapse, that coaxial crustal stretching and erosion alone are insufficient for the exposure of coherent eclogite terrains, and that some form of hanging wall-footwall detachment relationship is necessary to exhume high grade terrains.
Conclusions
The Caledonian structural and metamorphic history of southwestern Norway, together with our simple numerical modellings, leads to the conclusion that orogens may develop very thick continental crusts, perhaps up to 150 km, during shortening, because lower crustal rocks are transformed, pervasively and regionally in widespread cohesive terrains, into mafic and silicic eclogites of bulk lithospheric mantle density. This allows orogenic shortening, driven by plate convergence, to achieve average values greatly in excess of the commonly expected 50%, perhaps as high as 80%. Furthermore, this allows the development of a thick continental crust supporting mountains of reasonable average height (c. 3 km) rather than the impossibly (c. 10 km high mountains given by a 150 km thick crust of normal crustal density. Following catastrophic advective lithospheric thinning and consequent uplift, the resulting massive increase in geothermal gradient is accompanied by tectonic denudation by vertical bulk coaxial shortening and horizontal extension at strain rates of about 10-~5 s-1. This phase has been called extensional collapse (Dewey 1988) but, during the earliest phases of vertical thinning, elevation increases rapidly to a peak value of about 5 km (Figs 6, 7) . During vertical thinning, eclogite facies rocks are largely transformed to amphibolites and granulites thus lowering lower crustal density and enhancing uplift. Lower crustal rocks (amphibolite with residual eclogite lenses) reach upper crustal levels by coaxial vertical thinning but neither this form of tectonic denudation nor erosion can exhume these rocks. Exhumation can occur only in the footwalls of superimposed extensional detachments, which leads to the juxtaposition of high-grade footwall rocks against low-grade hanging wall rocks and the superimposition of greenschist/low amphibolite facies extensional non-coaxial structures and fabrics on the earlier coaxial structures and fabrics.
Thus, older mountain belts such as the Caledonides and Hercynides are characterized over large areas by high-grade metamorphic terrains adjacent to lower grade upper crustal rocks with extensional sedimentary basins, a situation achieved by extensional 'collapse' tectonics with very little erosional denudation. This may be the principal explanation for the widespread preservation of supracrustal rocks, including internal 'molasse' basins, in mountain belts and insufficient external molasse for erosional denudation to be the principal mechanism for returning the crust from orogenic to 'normal' thickness.
The structure of the high-grade parts of extensionally collapsed orogens is dominated by subhorizontal bulk coaxial gneissic foliation developed by vertical thinning of up to 80% and horizontal extensions of up to 500%, much of which occurs during rapid uplift. These strains, in southwestern Norway, induced a strong and pervasive irregular layering at all scales from centimetres to kilometres, made up of the gneissic foliation itself with strong lithological contrasts across layers and lenses of eclogite, gabbro, peridotite, amphibolite and granite gneiss. Such regionally sub-horizontal gneissic fabrics are common in deeply-denuded orogens and may account, at least partly, for the widespread layered lower crusts in areas of active extension and extended areas of offshore Britain recognized by COCORP and BIRPS seismic reflective profiling (Blundell 1990 ) and in orogens generally (Dewey 1988; Sandiford 1989) .
The massive conversion of rocks into eclogite in orogenic lower crusts has substantial implications for balancing calculations in convergent plate boundary zones. Butler (1986 ), Le Pichon et al. (1988 and Laubscher (1990) have pointed out the apparent shortfall of crust in the Alps when shortening from supracrustals is compared with the cross-section of crustal area and have argued 'loss' of crust into the mantle. We do not subscribe to the view that crustal material is permanently lost into the mantle because the Norwegian evidence indicates that eclogitized crust is largely transformed back into crustal densities by amphibolitization and 'returned' to the crust. However, calculations of the volume of crust in active collision zones like the Himalayan/Tibetan/Asian convergent system (Tapponnier et al. 1986; Dewey et al. 1989 ) may be seriously underestimated if large parts of the lower crust are eclogitized and, correspondingly, lateral escape tectonics may be overestimated.
Lastly, extensional collapse, contrasted with erosion, is a very rapid way of reducing the elevation of orogens and allowing rapid marine transgression and the development of post-orogenic unconformities while extension continues. This leads to a very close geometric relationship between extensional detachments and marine transgressive unconformities. Death Valley in the extant extensional Basin and Range Province lies below sea-level and is, therefore, potentially liable to instantaneous marine flooding. We should, perhaps, revise our views of the gradual erosional wearing-down of mountain ranges with progressive marine transgression long after orogenesis. The surfaces of many, perhaps most, mountain belts return to near or below sea-level by extensional rather than erosional denudation.
